We demonstrate a new thin-film graphene diode called a geometric diode that relies on geometric asymmetry to provide rectification at 28 THz. The geometric diode is coupled to an optical antenna to form a rectenna that rectifies incoming radiation. This is the first reported graphene-based antenna-coupled diode working at 28 THz, and potentially at optical frequencies. The planar structure of the geometric diode provides a low RC time constant, on the order of 10 −15 s, required for operation at optical frequencies, and a low impedance for efficient power transfer from the antenna. Fabricated geometric diodes show asymmetric current-voltage characteristics consistent with Monte Carlo simulations for the devices. Rectennas employing the geometric diode coupled to metal and graphene antennas rectify 10.6 µm radiation, corresponding to an operating frequency of 28 THz. The graphene bowtie antenna is the first demonstrated functional antenna made using graphene. Its response indicates that graphene is a suitable terahertz resonator material. Applications for this terahertz diode include terahertz-wave and optical detection, ultra-high-speed electronics and optical power conversion.
Introduction
An optical rectenna incorporates an antenna and a diode to convert high-frequency electromagnetic fields to direct current (dc) power [1] . Figure 1 shows the configuration of an optical rectenna system, in which light is absorbed by an optical antenna and converted to alternating current (ac). An ultrafast diode rectifies the ac current to provide dc power to a load. The two primary requirements for the diode are ultra-highspeed response and an impedance that is well matched with that of the antenna. The most widely investigated diode for terahertz rectennas is the metal-insulator-metal (MIM) diode, which is limited in frequency response because of fundamental RC constraints in parallel-plate devices [2] . We propose and demonstrate a new type of diode, called a geometric diode, that does not suffer from the RC constraints of parallel-plate devices because of its planar structure. Because it is formed from a conductive material, the resistance of the geometric diode is also sufficiently low to match the antenna impedance [3] .
Principle of operation
The fundamental physical requirement for the geometric diode is that its critical dimensions are on the order of the mean-free path length (MFPL) of charge carriers in the material. On this scale, the charge carrier transport within the diode can be considered ballistic, such that the boundaries and the geometry of the device have substantial impact on the charge movement [4] . High-frequency ballistic devices operating at 50 GHz based on geometric asymmetry in semiconductors have been demonstrated [5] . In contrast, the geometric diode is formed from a conductive material which supplies the ballistic charge carriers. We chose graphene as the thin-film material because its MFPL is significantly greater than that of metals. This allows for devices that are sufficiently large to be fabricated within the capabilities of current lithography techniques. Furthermore, as we shall see, the limiting frequency for charge transport in graphene is higher than what has been obtained in semiconductors [6] .
The operation of a geometric diode is shown in figure 2(a) . The critical region of the device is the inverse Figure 1 . Schematic of a rectenna. An incident electromagnetic wave is received by the antenna, and rectified by the circuit containing diode and a low-pass filter, providing a dc voltage to the load.
arrowhead-shaped constriction (the neck region). The left-toright moving carriers have a higher probability of reflecting off the diagonal walls on the left-hand side of the neck and channelling through the arrowhead region than the right-to-left moving carriers, which are more likely to be blocked by the flat walls on the right-hand side of the arrowhead. This difference in probability causes dissimilar current levels for forward (driving left-to-right motion) and reverse (driving right-to-left motion) bias voltages. An atomic force microscope (AFM) image of a fabricated device is shown in figure 2(b).
Monte Carlo simulation
The current-voltage (I (V )) asymmetry of the diode was modelled using a Monte Carlo simulation based on the Drude model to simulate the movement of charge within the device [7] . In the simulation, the charges have a randomly directed Fermi velocity within each collision time and reflect specularly at the edges of the device. The Fermi velocity of charge carriers in graphene was calculated to be about 10 6 m s −1 based on a backscattering MFPL of 45 nm, corresponding to a collision time of 5×10 −14 s. The MFPL was experimentally determined from the conductivity versus gate voltage measured in a region adjacent to the diode [8] . The backscattering MFPL was obtained by multiplying the elastic MFPL by π/2, which is an averaging factor for scattering in two dimensions. Because the backscattering MFPL-as opposed to the elastic MFPL-is a closer approximation to the inelastic MFPL used in the Drude model, it is the number that we have used in the simulation [9] . The simulation uses a carrier concentration of 1.1×10 12 cm −2 , which is the value determined from the conductivity versus gate voltage measurement for a gate voltage of 30 V. When a simulated dc voltage is applied, a constant field velocity is added to the thermal velocity based on a charge effective mass of 0.02m e in graphene [10] , where m e is the electron rest mass. Although the field velocity is small compared with the Fermi velocity, a low-noise I (V ) curve shown in figure 3 was obtained after running the program for a sufficiently long time corresponding to approximately 10 6 collisions. The width of the neck and device geometric asymmetry determine the I (V ) asymmetry. Shrinking the neck width while keeping all other device dimensions the same increases the I (V ) asymmetry, as shown in figure 3 . The MFPL is the key material parameter used in the simulation, and is assumed to be 200 nm, a typical value for high-quality graphene.
Material and fabrication
The material used to fabricate the geometric diode must meet two requirements. The first is the ability to withstand high current density through the neck, up to 10 7 A cm −2 . This number comes from the value of V DS required to observe asymmetry in the I (V ) characteristic. For metal devices, this V DS is on the order of 0.1 V. Assuming the device has a 100 matched resistance to antenna, the current density in the neck region with a cross section area of 100 × 100 nm 2 is 10 7 A cm −2 . The second requirement of the material is a sufficiently large charge carrier MFPL. Being a planar conductive thin-film device, metal was our initial choice. However, the MFPL of charge carriers in metals at room temperature is 10-30 nm [7] , which would necessitate impractically small neck geometries. Furthermore, we found that at high current densities metals with small junctions suffer from electromigration. To circumvent these disadvantages we incorporated graphene instead. Graphene devices working at terahertz have been shown theoretically and also demonstrated [11] [12] [13] . The MFPL in graphene can be up to 1 µm, corresponding to a carrier mobility of 200 000 cm 2 V −1 s −1 [14] . Graphene can withstand a current density of up to 10 8 A cm −2 [14] . We used mechanical exfoliation to apply graphene flakes onto an oxidized silicon substrate [8] , consisting of a thermally grown 90 nm SiO 2 layer on a silicon wafer having a resistivity of 1-5 cm. The diode electrodes were formed in a fourpoint-probe configuration [15] to avoid the effects of contact resistance. Dc I (V ) measurements were carried out by measuring the voltage drop between the inner contacts while applying a current through the outer contacts. The metal contacts (15 nm Cr/40 nm Au) were thermally evaporated and lifted off from an NR9-1000P photo resist. Electron-beam lithography (JEOL JBX-9300FS E-beam writer) on a ma-N negative E-beam resist followed by an oxygen plasma etch was used to pattern the graphene. The neck width was approximately 75 nm, with the MFPL measured to be ∼45 nm [9] . To prevent heating of the graphene and hysteresis due to charge build-up [16] , a pulsed voltage was applied to the outer contacts using a Keithley 2612 SourceMeter set to the four-wire mode.
The conic band structure of graphene allows the carrier concentration to be controlled by the gate voltage. The charge neutral point (CNP) occurs for a gate voltage at which the electron and hole concentrations are equal, corresponding to a conductivity minimum. The substrate formed the gate. For our graphene, the CNP was obtained for a gate voltage of 24 V, as shown in figure 4 . The suppression of the current at 0 V gate voltage indicates that the graphene has a small mesoscopic CNP inhomogeneity [17] [18] [19] . When the gate voltage is below the CNP voltage, holes are the majority charge carriers, and for gate voltages above the CNP voltage, electrons are the majority charge carriers. Because the forward direction in geometric diodes depends only on the geometry and is independent of carrier type, applying a gate voltage to change the dominant carrier type should reverse the polarity of the diode. This is, in fact, the case and it serves as confirmation that the rectification is due to the geometry [9] .
28 THz optical response
To test the high-frequency operation of the geometric diode, we formed a rectenna with a 5.1 µm long bowtie antenna in an edge-fed configuration [20] . The structure is a combination of two opposing 2.3 µm long triangular sections with a 500 nm long geometric diode placed at the center of the gap, as shown in figures 5(a) and (b). Devices with both metal (15 nm/45 nm thermally evaporated Cr/gold) and graphene antennas were fabricated. Figure 6 shows the setup of the optical measurement system at different polarization angles of the beam relative to the metal antenna/graphene geometric Because the metal antenna is so much thicker than the graphene diode in (b), the graphene cannot be seen in the AFM image. diode rectenna system. An infrared CO 2 laser, operating at a wavelength of 10.6 µm and chopped at 280 Hz, was used as the source to measure rectification at optical frequencies. Twopoint measurements were performed on the antenna-coupled diodes. The voltage and the current were measured separately using a lock-in amplifier with zero applied bias. . Short-circuit current response of a rectenna with a graphene antenna (green circles) and metal antenna (blue diamonds) as a function of polarization angle (θ). The graphene rectenna has a lower current response due to the larger series resistance of its antenna.
In figure 7 we show the diode short-circuit current as a function of beam polarization angle (θ ) relative to the antenna axis for diodes coupled to metal and graphene antennas. The cosine squared response exhibited a maximum when the optical field and the antenna were aligned to each other, showing that the current was indeed produced by the radiation coupled through the antenna. When the laser polarization was aligned with the antenna axis, the output open circuit voltage was found to be proportional to the input optical laser power.
The rectenna with the graphene antenna exhibited a lower current response due to its much larger antenna series resistance, which is about 1 k for the graphene antenna compared with a few ohms for the metal antenna. A recent simulation of graphene antenna at 1.4 THz indicates that to achieve high antenna response at terahertz the size of a graphene antenna needs to be much smaller than the metal antenna optimized for use at the same frequency [21] . Our antenna in figure 5(a) is probably too large to resonate at 28 THz, and might be more efficient if it were smaller. This is the first reported graphene bowtie antenna working at terahertz frequency and it opens the possibility of using patterned graphene as an optical resonator. Bulk graphene absorbs 2.3% of incident white light [22] . Patterned graphene structures could enhance the light-plasmon coupling in graphene. Plasmon absorption of over 13% at 3 THz has been reported for graphene micro-ribbon arrays [10] . Since the graphene optical conductivity cutoff frequency is controlled by the gate voltage and intrinsic doping level [23] , graphene antenna and resonators operating at terahertz frequencies can be competitive with conventional 2D resonators made of metal.
The angular dependence of the response indicates that rectification was not a result of optically generated charge diffusion or thermoelectric effects due to a difference in the illumination of the two sides of the junction. Also, no response was detected from an illuminated diode that was not coupled to an antenna. Since no gate voltage was applied to the antennacoupled diodes before or during the measurement, no p-n junctions could have been formed as a result of an applied field [24] . The geometric diode genuinely responds to and rectifies 28 THz signals.
We compare the measured maximum current of 190 pA with the expected current as follows.
Based on the measured laser beam power and beam width we estimate an input intensity of 5.6 mW mm −2 over an antenna area of approximately 37.5 µm 2 [25] . The diode/antenna coupling efficiency is calculated to be 12% [26] for a 3000 diode and an antenna with a characteristic impedance of 100 , and the antenna radiation efficiency is estimated to be 37% [25] . Although the bowtie antenna efficiency was poor, we chose it because of its relative ease of fabrication. The diode responsivity [3] , which is defined as half the ratio of the second derivate to the first derivative of the I (V ) characteristic and is a measure of the dc power out divided by the ac power in, is a key figure of merit for rectenna operation. The zero-bias responsivity of the diode used in the rectenna optical measurement is 0.0285 A W −1 . Combining the estimated antenna parameters with the input power and the diode responsivity gives an estimated current of 270 pA, which is in good agreement with the measured value of 190 pA. A current of 190 pA for a wavelength of 10.6 µm corresponds to a quantum efficiency of 0.01%. Design improvements are expected to improve the antenna and diode efficiencies. In theory, a similar but smaller geometric diode (50 nm shoulder width with 10 nm neck width) has been shown to have more nonlinear and asymmetric I (V ) characteristics [27] .
To calculate the capacitance we consider the fringing fields between the two sides of the geometric diode above the device in air and below in the 90 nm SiO 2 bottom substrate, and which induce charge storage. To estimate the worst case capacitance between the two sides of the neck, we assume that there is an approximately 100 nm by 100 nm air gap in the neck region. Using the planar thin-film capacitance analysis method [28] the capacitance of a graphene geometric diode is calculated to be about a few attofarads. The measured resistance of the graphene device is approximately 1 k , which gives an overall RC time constant of femtoseconds corresponding to a cutoff frequency of 100 THz. By reducing the area of the non-critical region around the neck, the RC time constant can be reduced further.
Dc I(V ) measurements and verification of geometric effect
To investigate the relationship between the 28 THz and dc responses, we show the measured I (V ) curve for an exfoliated graphene diode in figure 8 . The characteristics exhibit asymmetry in a direction that is consistent with simulation results obtained using the actual physical parameters of the device. A plot of the responsivity versus the applied voltage is shown in figure 8(b) . This device has a responsivity of 0.12 A W −1 at zero bias voltage, and a responsivity over 0.2 A W −1 under bias. These diode parameters correspond to the measured stand-alone diode I (V ) characteristics, and are different from those of the antenna-coupled diode in figure 5 . The responsivity is expected to improve substantially as the ratio of MFPL to neck width is increased, as shown in figure 3 .
In graphene, I (V ) nonlinearity can be due to the graphene breaking down at a high voltage [29] . That is not the case here for two reasons. First, we have seen asymmetric nonlinearity at a low voltage not just at a high voltage. Second, the curvature of the reported nonlinearity of graphene at breakdown voltages had an opposite curvature direction compared with that of our diode I (V ) characteristics. At higher voltages, for V DS > 2.5 V, we found the diode I (V ) curvature starts to switch sign, possibly due to the breakdown phenomenon there.
To further confirm the effect of geometry on the I (V ) asymmetry, we compared the characteristics of geometrically symmetric and asymmetric junctions. We also fabricated asymmetric devices using graphene deposited by chemical vapour deposition (CVD) (provided by P L McEuen's laboratory at Cornell University) having a shorter MFPL than the exfoliated graphene devices. To quantify the I (V ) asymmetry we define the electrical asymmetry as A = |I(V)/I(-V)|. A comparison of the three devices is shown in figure 9 . The value of Figure 9 . Electrical asymmetry plots for a CVD-produced graphene geometric diode (red circles), an exfoliated graphene geometric diode (green asterisks) and a geometrically symmetric CVD graphene junction (blue squares). The electrical asymmetry is defined as A = |I(V)/I(-V)|. CVD graphene, having a shorter MFPL than the exfoliated graphene, gives a lower asymmetry than the exfoliated graphene device. The neck width for all the devices is 75 nm, with a shoulder width of 400 nm.
A for a graphene geometrically symmetric junction remains at unity as compared with the geometrically asymmetric devices, which exhibit electrical asymmetry. The CVD graphene diode has a lower electrical asymmetry due to its reduced MFPL. The plot exhibits the significance of geometric asymmetry and the MFPL in achieving diode behaviour.
Conclusions
We have developed and demonstrated a new kind of diode for use in high-frequency rectennas. The graphene geometric diode exhibits dc I (V ) asymmetry and its measured electrical characteristics are consistent with Monte Carlo simulations. Rectennas incorporating geometric diodes provide optical frequency rectification of 10.6 µm wavelength radiation with both metal and graphene bowtie antennas. The measured short-circuit currents correspond to the values estimated using the diode and antenna parameters. Further improvement in the diode and antenna design is expected to increase device efficiency.
